Abstract. Long hypothesized to be the origin of planetary systems, disks around newly formed stars have been studied in detail in the last twenty years. Most, if not all stars form surrounded by a disk, with typical masses of 0.001-0.3 M⊙ and up to several hundred AU. Molecular emission lines show the gas to be in Keplerian rotation, with most species (but not H2) frozen out onto dust grains in the cold and dense disk interior. The fraction of stars with disks decreases from > 80% at < 1 Myr to < 10% at 10 Myr. The disk 'half-life' is 2-3 Myr, with the inner and outer disks disappearing nearly simultaneously. There is a small but distinct populations of disks with cleared-out inner regions, so-called cold or transitional disks, explained by photoevaporation, planet formation, or binarity. Inside the disks, planet formation begins, with clear observational evidence for the growth of dust grains to sizes of a few cm at least.
Introduction
Planetary systems, including our Solar System, show a variety of compositions and characteristics. This richness may reflect the different initial conditions that lead to planet formation, or if may be a result from the subsequent evolution of the planetary systems. Regardless, observational and theoretical studies will need to address the origin of this diversity. On a more fundamental level there is a need to understand the (astro) physics that controls the formations of planetary systems, and our Solar System in particular. This contribution aims to provide an inventory of the available observational information, as initial and boundary conditions for the work presented in the subsequent chapters.
This introductory section briefly describes the history of the study of circumstellar disks. It sketches the general outline of star formation, and demonstrates how much has been learned about disks through their Spectral Energy Distributions (SEDs). The introduction concludes with three cases that could claim to be the first 'direct' evidence for the existence of circumstellar disks. Section 2 discusses the observational statistics of basic disk properties such as mass, size, and incidence. Section 3 continues with the description of the major constituents of the disk: dust particles and gas. Section 4 discusses the dynamics of disks, and 5 reviews our current knowledge of disk evolution. Section 6 summarizes the main conclusions and lists the most important open questions. This contribution focuses entirely on disks around low-to intermediate-mass stars, up to ∼ 8 Solar masses. Although there is mounting evidence that more massive young stars also are surrounded by disks (Beuther et al. 2007; Cesaroni et al. 2007) , these are currently much less well understood.
The nebular hypothesis
Considering the properties of the Solar System, it is striking that all planets move in the same direction around the Sun, in approximately the same plane, and in almost circular orbits. There are of course important deviations from this idealized picture (the orbits are ellipses not circles) and dynamical stability precludes a planet orbiting in the same plane but with opposite sense compared to the other planets. However, this simple picture readily leads to the idea that the planets condensed from a rotating disk of gas and dust around the Sun. This nebular hypothesis was first put forward by Swedenborg in 1734, and further developed by Kant in 1755 and Laplace in 1796. In essence the theory still holds today. While the origin of such a disk was beyond scientific investigation in the 18th century, the twentieth century has shown that there is a continuum of composition between the Sun, the planets, and the asteroids and meteorites. These bodies also all are nearly coeval, strongly suggesting a common origin for the Solar System from a disk formed as a by-product of the formation of the Sun. By extension, similar disks should exist around other newly formed stars.
Star formation
In the 'standard' picture of star formation that has emerged since the mid-1980's (see, e.g., the review by Lada 1999) , interstellar molecular cloud slowly contract to form dense cores. Initially, these clouds are thought to be supported against self-gravity by (magneto) hydrodynamic turbulence. Once the condensations become sufficiently dense, they decouple from this supporting field (e.g., because the turbulence decays or because the neutral gas slips past the magnetic field lines). At this point, the cloud cores collapse and form stars. Each of these cores are likely to have a nett amount of angular momentum, inherited from the (turbulent) velocity field of their parent cloud. During their collapse, no angular momentum can be transported, and conservation of angular momentum will inevitably lead to the formation of a circumstellar disk around the newly formed star; some of the angular momentum may also be stored in a binary or multiple system. Only once a disk has been formed, is a physical mechanism available again to transport angular momentum and facilitate accretion of material onto the star. This mech- anism is viscosity which relates the amount of torque generated between adjacent annuli in the disk to the amount of velocity shear that is present between them. This torque moves angular momentum outward and material inward, causing the disk outer radius to spread and matter to accrete onto the star.
The above scenario strictly applies to the formation of single stars, or perhaps narrow binaries. Many young stars are formed a part of multiple systems or in large clusters (e.g., Duqueannoy & Mayor 1991; Reipurth 2000; Clarke et al. 2000) . This should have a profound impact on the formation of stars and their disks. For example, in binaries dynamical interactions limit the size of a disk to ∼ 1/3 of the binary separation (Lin & Papaloizou 1993) , and a circumbinary disk can surround the entire system. In clusters, the frequent dynamical interactions can perturb disks (Sterzik & Durisen 1998; McDonald & Clarke 1995; Bonnell et al. 1997) , and, if sufficiently massive stars are present, intense radiation fields can efficiently photo-evaporate disks (e.g., Shu et al. 1993 ).
The Spectral Energy Distribution
One of the most powerful tools in determining the structure of a circumstellar disk, is its Spectral Energy Distribution (SED), which plots log(νF ν ) vs log ν. By plotting νF ν instead of F ν (the latter would be more appropriately be called the broadband spectrum), peaks of similar height provide similar contributions to the total radiated energy F = F ν dν = νF ν d log ν. Equivalent ways to plot the SED are log(λF λ ) vs log λ or log(νL ν ) = log(νF ν 4πd
2 ) vs log ν, where d is the distance to the source. Figure 1 shows the SED of the disk around the star IM Lup as an example. Lada & Wilking (1984) ; Adams et al. (1984); defined three classes of Young Stellar Objects (YSOs) using the slope of the SED between 2 and 25 µm: Class I sources have SEDs that are broader than a single blackbody and are rising in the infrared, with α 2−25 = d log(νF ν )/d log ν > 0; Class II objects have SEDs that are also broader than a single-temperature blackbody, but have SEDs that are falling in the infrared, α 2−25 < 0; Class III objects have little excess emission and their SEDs are closely approximated by a single-temperature blackbody, although in a plot of L bol vs T eff (a Hertzsprung-Russell Diagram) they fall above the main sequence. These classes of YSOs can be equated with three distinct stages in the formation of a star: Class I objects are deeply embedded in an accreting envelope of gas and dust; Class II objects are optically visible stars surrounded by an accretion disk; and Class III sources are pre-main sequence stars without any appreciable excess emission. Later work (André et al. 1993) has added a fourth class, Class 0, representing the earliest stages of star formation where the object is so deeply embedded that only far-infrared and (sub) millimeter wave emission can escape (and formally no α 2−−25 can be defined). In this chapter we are concerned primarily with Class II objects, whose SEDs can be will fit with a (dereddened) pre-main-sequence star surrounded by an accretion disk that is optically thick throughout the infrared wavelength range.
T Tauri stars
T Tauri stars often have Class II SEDs. The class of T Tauri stars was first identified by Joy (1945) as variable stars with prominent, wide optical emission lines, especially Hα. The variability and Hα emission was attributed to the accretion of matter (Herbig 1962 ). Ambartsumian (1957) established that T Tauri stars are pre-main sequence stars located above the main sequence. As important defining characteristics nowadays one also uses their kinematic association with molecular clouds, and strong Li absorption around 6707Å (e.g., Basri & Bertout 1993; Barrado y Navascués & Martín 2005) . T Tauri stars occur in two subclasses: classical T Tauri stars with an Hα equivalent width EW(Hα)>5-20Å, and weak-line T Tauri stars with EW(Hα)<5-20Å. Hα is thought to be a tracer of accretion, and the distinction between classical and weak-line T Tauri stars is attributed to the presence of absence of an accreting disk. Section 2.2 discusses whether (some) weak-line T Tauri stars are surrounded by passive, non-accreting disks.
T Tauri stars exhibit excess emission at near-infrared wavelengths (Mendoza & Eugenio 1966 , 1968 , and show far-infrared ) and submillimeter emission (Beckwith et al. 1990) . From the latter, a simple argument shows that the material needs to be distributed in a disk (or at least a flat distribution) rather than a spherical shell: the inferred dust masses are sufficient to completely obscure the stars at optical wavelengths would the matter be distributed in a shell. Indeed, the SEDs of (classical) T Tauri stars is well fit by simple accretion disk models (e.g., Adams 1991) .
T Tauri stars also show veiling of optical and ultraviolet lines, as well as ultraviolet excess and X-ray emission (Montmerle et al. 1983; Feigelson et al. 1987) , as further evidence for ongoing accretion and stellar activity. Together, all these observations point at T Tauri stars being newly formed stars surrounded by a flat disk of gas and dust, from which matter accretes onto the star.
T Tauri stars have masses up to 2 M ⊙ . Pre-main-sequence stars between 2 and 8 M ⊙ are known as Herbig Ae/Be stars see Natta et al. 2000 and the book by Thé et al. 1994 for reviews). Herbig Ae/Be stars also often are surrounded by accretion disks. In the remainder of this chapter, little distinction is made between T Tauri stars and Herbig Ae/Be stars, and they are treated simply as pre-main-sequence stars with disks. Stars more massive than ∼ 8 M ⊙ reach the main sequence (i.e., they start hydrogen fusion) before accretion stops. Although there is increasing evidence that at least some of these stars also have accretion disks, they are not further discussed here.
First evidence for disks
The infrared and millimeter emission from T Tauri stars provides indirect evidence that newly formed stars are surrounded by accretion disks. As first direct evidence for a circumstellar disk, one could count the disk around β Pic (Smith & Terrile 1984) , although this is a debris disk (see the chapter by Kalas) with too little mass to form a planetary system. The Hubble Space Telescope provided some of the first direct images of disks in silhouette against the gas of the Orion Nebula, or as the source of photo-evaporating globules inside the H II region (O'Dell et al. 1993; O'Dell & Beckwith 1997) . These so-called proplyds have the size and mass to form a planetary system, but are located in a hostile environment perhaps untypical of that where the average planetary system forms. Another candidate for the first direct detection is formed by early millimeter-interferometric observations of HL Tau (Sargent & Beckwith 1987) . These data show an elongated CO gas structure surrounding the star with clear velocity gradients consistent with Keplerian rotation. Later, it was realized that the unusually large size of several thousand AU of this disk is better explained by a model where HL Tau is much younger and surrounded by a partially flattened, collapsing envelope with some rotation. Subsequent millimeter interferometric observations have unequivocally detected Keplerian disks with more modest sizes of several hundred AU around many T Tauri and Herbig Ae/Be systems (e.g., Koerner & Sargent 1995; Saito et al. 1995; Dutrey et al. 1996; Mannings & Sargent 1997 ).
In the years following these exploratory observations of the 1980's and early 1990's, circumstellar disks have been studied in great detail. The following sections review our current understanding of their basic properties ( §2), their composition ( §3), and their evolution ( §5).
Basic properties

Incidence of disks
The most sensitive method to determine whether circumstellar material is present around a young star, is to measure its infrared excess. Even very small amounts of dust (∼ 1 Earth mass or less) will emit detectable amounts of emission in the nearor mid-infrared bands. Because of the wavelength and the required temperatures, this method is only sensitive to dust close to the star. For a Solar type star, JHK measurements trace as little as 3.5 Earth masses in the 0.03-0.1 AU range where dust temperatures reach 1000 K; LMNQ and Spitzer IRAC measurements probe down to an Earth mass around 0.2-10 AU with dust temperature of 100 K. To accurately determine the presence and amount of dust, the stellar photosphere needs to be subtracted and corrections for (interstellar) reddening made. This method works for individual stars, but finds its true power when observing young clusters of stars. In color-color diagrams the locus of stars with excess infrared emission is immediately apparent, and well separated from either field (main sequence) stars and pre-main sequence stars without excess. This way, the fraction of stars surrounded by disk material can be derived (e.g., Wilking et al. 1989; Strom et al. 1989; Haisch et al. 2000 Haisch et al. , 2001 ).
Life time of disks
Since the age of a cluster can also be estimated much better than the age of individual stars, infrared excess measurements can be used to answer the question how long disk material persists. It is found that the disk fraction (=relative number of stars with detected disk emission) decreases from more than 80% for clusters less than 1 Myr old to less than 10% for clusters older than 10 Myr ( Fig. 2 ; see the review by Hillenbrand 2005) . For the inner disk, which is what the H-K and K-L excess is sensitive to, the typical life expectancy is 2-3 Myr, meaning that roughly 50% of stars will no longer show infrared excess after this period. This statistic is not to be confused with the a single disk loosing half its mass over this period; instead, for a sample of disks, half of the objects will have lost all (inner) disk material in 2-3 Myr.
If we want to trace material further out in the disk, at temperatures of ∼ 100 K, we need to go to longer wavelengths. Cieza et al. (2008b) present a study conducted with the Spitzer Space Telescope, showing that in general objects that lack N-band excess also do not show excess emission at 24 µm. This suggests that material with 0.1 AU and out to 20 AU disappears nearly simultaneously. Section 5.1 discusses this process further. For weak line T Tauri stars it was already known that they do not show near-infrared excess and do not have inner disk, consistent with their apparent lack of accretion. Cieza et al. find that the disk fraction deduced from 24 µm observations decreases monotonically with Hα equivalent width, dropping to essential zero below 2.5Å. Of wTTs less than 1-2 Myr old, more than half have less than 10 −4 M Earth within 10 AU (Padgett et al. 2006; Silverstone et al. 2006 ). This shows that wTTs are not physically older than cTTss (many of those still have disks around 1-2 Myr), but have either lost their disk earlier or did not have a disk to start with. The small number of object without an inner disk but with an outer disk (see §5.1) argues that the time scale for disk clearing, once started, is short, < 0.5 Myr (Skrutskie et al. 1991; Wolk & Walter 1996; Cieza et al. 2007) .
Finally, only submillimeter observations can trace the cold dust out at 50-100 AU. Andrews & Williams (2005 present an SMA study, showing that of stars without inner disks, at most 10% have an outer disk of 10 −3 -10 −4 M ⊙ . This supports the idea that the inner and outer disk disappear simultaneously, and that the disk dispersal mechanism, once started, is fast compared to the typical time before dispersal kicks in. Note, however, the much less stringent mass limit obtained from submillimeter observations compared to the infrared.
Disk masses
Unlike infrared wavelengths, at (sub) millimeter the thermal emission from dust in disks is thought to be optically thin, and can therefore be used to deduce the mass. This requires an estimate of the (average) dust temperature and the emissivity per unit mass κ ν . Typical masses in the range of 0.001-0.3 M ⊙ are obtained (e.g., Beckwith et al. 1990; Osterloh & Beckwith 1995; Andrews & Williams 2005 , with a systematic uncertainty of a factor 2-3 due to the ill constrained κ ν (Beckwith & Sargent 1991; Pollack et al. 1994; Ossenkopf & Henning 1994; Draine 2006) . Especially if dust grains have grown to cm-size or more, their emissivity drops significantly, and reported disk masses may underestimate the true values (Andrews & Williams 2007) . In this determination, a gas-to-dust mass ratio of 100 (the interstellar value) is used. There is no a priori reason why a disk cannot be enriched in either gas or dust if both components evolve differently, and this caveat needs to be kept in mind.
Disk structure
As mentioned above, the SED provides a powerful tool to determine the disk's structure. The shape of the SED reflects the temperature distribution of the dust, which in turn depends on the location of the dust. If the disk is in vertical hydrostatic equilibrium as is commonly assumed, the location and the temperature of the gas and dust are closely linked. In this picture, the gas provides the pressure while the dust is largely responsible for the energy balance through the intercepted stellar radiation and its own continuum emission. To a lesser extent, other heating mechanisms (e.g., through the photo-electric effect or cosmic rays) and line cooling may be relevant in some regions of the disk. With detailed measurements of the SED, a self-consistent model for the disk can be fit, and the underlying disk structure obtained.
The structure of the disk is determined by a small number of equations (see Pringle 1981 for a review on accretion-disk theory). In a steady-state accretion disk, mass is conserved following
and angular momentum is conserved via
Here R and t are the cylindrical radial coordinate and time, respectively, Σ(R) is the surface density, v R (R) the radial velocity, Ω(R) the circular frequency of the material, and ν the viscosity. The latter relates the amount of torque (=angular momentum change, right hand side of eq. 2.2) to the amount of shear, ∂Ω/∂R, in the disk. In the absence of viscosity (ν = 0), no angular momentum is transported and the disk is in perfect Keplerian rotation. The circular frequency Ω(R) of the material is set by the central mass of the star corrected for the gas pressure. The latter causes the gas to move slightly sub-Keplerian. Above, no assumptions are made about the source of the viscosity. Ordinary molecular viscosity is too small to explain existing accretion disks. Shakura & Sunyaev 1973 suggested that turbulence could be an efficient source of viscosity by radially mixing material and exchanging angular momentum. Magnetic fields can offer another mechanism through so-called magneto-hydrodynamic instability (MRI, Balbus & Hawley 1991) . Whatever its nature, dimensional analysis shows that viscosity has the units of length times velocity. Locally, the typical length scale would be the hydrostatic scale height H, and the typical velocity locally the sound speed c s . Shakura & Sunyaev parametrized the viscosity as ν = αHc s , where α is an unknown parameter less than unity. Typically, α = 0.01 results in radial density profiles and mass accretion rates that are comparable to observed values. Of course, a single value for α is unlikely to be an accurate description for the full spatial extent of the disk and its temporal evolution.
The simple α formulation produces an accretion disk with matter flowing inward and the outer edge of the disk spreading outward, carrying with it the excess angular momentum. From equations 2.1 and 2.2 one can obtain Σ(R) ∝ R −1 (see Dullemond et al. 2007) . Another common profile is Σ ∝ R −1.5 which is the density slope inferred by Weidenschilling (1977) and Hayashi (1981) for the Minimum Mass Solar Nebula. This is the density distribution one obtains by taking the current distribution of mass in the Solar System and accounting for the H 2 and He lost from the inner Solar System and non bound to the smaller bodies. As such it represents the distribution of the material that made it into planets, but there is no a priori reason why a R −1.5 should apply to a disk before planet formation has occurred (e.g. Lissauer 1993 ). With a value of α = 0.01 , both density distributions roughly reproduce the observed range of mass accretion ratesṀ acc = 10 −6 -10 −12 M ⊙ yr −1 ) and the crude correlation of accretion rate with stellar mass,Ṁ acc ∝ M The vertical structure of disks follows from the radial density distribution and the assumption of vertical hydrostatic equilibrium, ρ(R, z) = rho(R, z = 0) exp(−z 2 /2H 2 ) where Pringle 1981; von Weizsäcker 1948) . For a geometrically thin disk, one expects the temperature to vary as T ∝ R −3/4 (Beckwith 1999) . This results in a scale height that varies as H ∝ R, and a disk that is no longer perfectly thin. This raised surface intercepts more light, causing the temperature to drop off less steeply with radius. This in turn causes the scale height to increase faster than H/R=constant, and the disk starts to flare (Kenyon & Hartmann 1987) . Disk flaring naturally accounts for the flatter temperature profiles and correspondingly flatter SEDs commonly observed. Flaring disks can be described with varying levels of sophistication. The first attempts were those by D' Alessio et al. (1997) and Chiang & Goldreich (1997) , who approximate the disk as a two layer structure with a warm surface layer on top of a cooler midplane. Subsequent treatments include more sophisticated radiative transfer and more detailed vertical temperature structure (see Dullemond et al. 2006 for a review). Such models also include what happens at the inner edge of the disk (e.g., Dullemond et al. 2007) , where the disk is either truncated by accretion processes or where the dust start to sublimate (around 1000-1500 K). Here, the stellar radiation illuminates the full height of the disk directly, increases the temperature, and raises the scale height. Behind this 'puffed-up inner rim' material can only be heated by radiation obliquely entering the surface, and much lower temperatures and scale heights are found. Under some conditions, parts of the disk can be entirely shadowed, receiving no stellar radiation and having a small scale height (e.g., Dullemond et al. 2001; Dullemond & Dominik 2004) 3 Composition: gas and dust
Dust
By mass, roughly 1% of interstellar material consists of dust particles of sizes 0.01-1 µm. Initially, the gas-to-dust ratio of the disk material will also be 100:1, but this may subsequently evolve throughout the disk's life time. The dust particles consist of silicate and graphite cores, as well as some other minerals. They originate in the mass outflows of evolved stars. During their time in the interstellar medium, their minerals become amorphous, and in the cold and dense clouds preceding star formation are covered by ice mantles of frozen out water, carbon monoxide, and other species. Reviews of our knowledge of interstellar dust can be found in Savage & Mathis 1979; Mathis 1990; Draine 2003 .
Infrared spectroscopy has shown that dust particles in disks contain olivine, pyroxene, and forsterite (e.g., Malfait et al. 1998) . These species show up as broad spectral features in the 8-12 µm region. From the detailed shape of the feature, one can derive the relative fraction of amorphous and crystalline material; the latter have more peaked emission features. Furlan et al. (2006) and Kessler-Silacci et al. 2006 analyse the shape of the 10 µm silicate feature of a large sample of disks, and find significant variation, hinting at dust evolution (see also the chapter by Augereau). Infrared interferometry can resolve the emission from disks, and observations have shown that the inner disk (<1-2 AU) is enriched in crystalline material compared to the outer disk (van Boekel et al. 2004) ; and that radial mixing of material may take place.
In addition to their composition, dust particles also undergo evolution of their size distribution. The slope of the SED in the (sub) millimeter range, where the dust emission is generally optically thin, is sensitive to the size of the particles. For an interstellar size distribution, e.g., the so-called MRN distribution (Mathis et al. 1977) with n(a)da ∝ a −3.5 , optically thin continuum emission in the RayleighJeans regime is expected to follow F ν ∝ ν −(2+β) with β = 2 (the other factor of 2 originates from the slope of the Planck curve). For particles that have grown in size to ∼ 3 mm β decreases to ∼ 1 (e.g., Draine 2006) . The composition of the material, its temperature, and the shape of the dust agglomerates (spherical, linear, or 'fractal') also determines the exact value of β and the corresponding mass emissivity κ ν in units of cm 2 g −1 (Ossenkopf & Henning 1994; Pollack et al. 1994) .
Observations have shown that the slope of the SED in the (sub) millimeter and centimeter regime indicates β values smaller than 1 (e.g., Beckwith & Sargent 1991; Testi et al. 2003; Wilner et al. 2005; Lommen et al. 2007 ). This suggests that particles have grown to at least a few cm in size. For these measurements at 3 mm-6 cm, the contribution of free-free emission from any stellar wind needs to be taken into account.
An interesting question is whether the dust particles segregate as they grow to larger sizes, with the largest particles settling toward the midplane as they decouple from the gas pressure. In addition, larger dust particles could also drift inward with respect to the gas, as they experience a 'head wind' of the sub-Keplerian gas on their Keplerian orbit. Dullemond et al. (2004) shows how this dust settling affects the disk shape and SED, decreasing the far-infrared and sub-millimeter fluxes. The concentration of larger dust agglomerates in the disk midplane may be an important first step toward planet formation (e.g., Dubrulle et al. 1995; Cuzzi et al. 1993) .
Gas
The 99% of the disk mass that consists of gas, is predominantly made up of hydrogen (80%) and helium (20%). Only trace amounts of C, O, N, and other elements are present. At the low temperatures and high densities of disks, the gas is predominantly molecular, although the upper layers and the material close to the star may be photodissociated or -ionized. The dominant species, molecular hydrogen, is very difficult to detect. Because it lacks a permanent dipole moment, it has no allowed rotational dipole transitions. Its rotational quadrupole transitions are intrinsically weak, and fall in the difficult to observe 12-28 µm range for its first few energy levels. These levels also require relative high temperatures of 100 K and more to be excited. Nevertheless, a number of tentative detections have been made ; but see Richter et al. 2002 who dispute the detection; and more recently Lahuis et al. 2007) . The vibrational and electronic transition of H 2 can be more easily detected (e.g., Bary et al. 2002; Weintraub et al. 2000; Herczeg et al. 2002) , but are generally fluorescently excited by the stellar ultraviolet or X-ray radiation. While they probe the presence of H 2 , they cannot generally be used as an accurate mass tracer.
Although only present in trace amounts, molecules like CO offer much easier means to probe the gas content. In the molecular interstellar medium, CO is thought to have a stable abundance with respect to H 2 of 8 × 10 −5 -2 × 10 −4 (Frerking et al. 1982; Lacy et al. 1994) . Its first few rotational levels are easy to excite, lying only several K above the ground level, and its emission lines are strong and occur at easily accessible millimeter wavelengths. Interferometric observations of T Tauri stars in CO with typical resolutions of a few arcsec (several hundred AU at the typical distance of nearby star forming regions) reveal flattened structures with clear Keplerian rotation patterns, as illustrated in Fig. 3 (e.g., Koerner & Sargent 1995; Saito et al. 1995; Dutrey et al. 1996; Mannings & Sargent 1997; Simon et al. 2000) . The disk size inferred from CO observations is often larger than that found from continuum data, even when accounting for the different surface-density sensitivity levels (Piétu et al. 2005; Isella et al. 2007 ). This may hint at different distributions for the gas and dust, but recent work by Hughes et al. (2008) suggests that a proper treatment of the outer disk regions may explain the apparent discrepancy. Where the standard accretion disk model ( §2.4) predicts a powerlaw behavior for the surface density with radius, it neglects what happens at the disk's outer edge. Viscous spreading of material will produce an exponential drop off of the density rather than a sharp edge . Hughes et al. show that this material is still detectable in CO lines, but generally falls below the detection limit in continuum measurements.
The amount of molecular gas deduced from CO observations is generally lower by factors 10-100 compared to the mass obtained from dust continuum measurements (e.g., Dutrey et al. 1993) . Although these comparisons include an assumed value of 100 for the, unknown, gas-to-dust mass ratio, the mass discrepancy is usually inferred to imply a reduced CO/H 2 fraction. Some CO may be photodissociated in the upper layers of the disk, and most importantly, significant amounts of CO may be frozen out onto dust particles in the dense and cold (<20 K) disk interior. Other species are also detected in disks, such as HCO + , HCN, CN, CH 3 OH, N 2 H + , and H 2 CO (e.g., Aikawa et al. 2003; Dutrey et al. 1997; Qi et al. 2003; Thi et al. 2004; van Zadelhoff et al. 2001) , and follow similar abundance patterns. Theoretical models predict that molecules (other than H 2 which does not freeze out) are present predominantly at intermediate heights in the disk, where the temperature is high enough for them to be present in the gas phase and the ultraviolet radiation field sufficiently weak for them not to be photo-dissociated (e.g., Semenov et al. 2008; Aikawa & Nomura 2006; Jonkheid et al. 2007 ). These models are complicated by the level of radial and vertical mixing that is included. Some species, such as CN, are photo-dissociation products, and are expected to be present at larger heights . Future observations with large (sub) millimeter interferometers will be able to test these models directly (Semenov et al. 2008) , and will offer powerful probes of the disk structure and dynamics.
With so many molecular species frozen out in the disk midplane, little opportunity exists to trace the gas kinematics through spectral line observations. A promising avenue is offered by H 2 D + . This species has its groundstate transition in the sub-millimeter range, and can be observed from a good site like Mauna Kea or Chajnantor. It has been detected in the disks of TW Hya and DM Tau (Ceccarelli et al. 2004) . Although the cosmic abundance of deuterium is only ∼ 10 −5 , in cold molecular gas the abundance of deuterated molecules can be enhanced by several orders of magnitude. 
Dynamics
Millimeter interferometric observations of the CO line have shown that many disks exhibit clear Keplerian velocity patterns ( §3.2), confirming that the flattened structures are indeed rotationally supported and not, e.g., by magnetic fields (so-called pseudo disks, see Galli et al. 1993) . From the Keplerian rotation velocities, the mass of the central star can be derived and pre-main-sequence tracks calibrated (see, e.g., Simon et al. 2000) . Only limited attention has been devoted to disks with ambiguous velocity patterns, such as AB Aur (Piétu et al. 2005) .
In an accretion disk, material slowly (subsonically) streams inwards, while the outer disk edge spreads. Such low speeds and deviations from Keplerian motion are not easily detected when taking into account possible contributions of (micro) turbulent motions and thermal line broadening (both of the order of ∼ 0.1 km s −1 ; e.g., Qi et al. 2004) . Such observations potentially provide important limits on the levels of disk turbulence and mixing (see chapter by Fromang), but require detailed modeling of the line profile to extract the information. Infrared spectroscopy of CO, OH, and H 2 O in the 3-5 µm and 10-20 µm ranges trace the velocities in the inner disk where these lines are excited (e.g., Salyk et al. 2007) . If the orientation of the disk is close to edge on, absorption line measurements probe the velocities along a pencil beam to the star. Inward motions can be detected of material freefalling onto the star (Boogert et al. 2002) , but also outflowing motions are seen (Boogert, priv. comm.) .
Evolution
Disk clearing
As discussed in §2.2, roughly half of the disks disperse after 2-3 Myr, in a relatively short time < 0.5 Myr. The inner disk and the outer disk disappear roughly simultaneously, although there is a small but significant number of so-called transitional disks where the outer disks persists while the inner disk has dispersed (Calvet et al. 2002 Brown et al. 2007) . The Spitzer Space Telescope has proven instrumental in uncovering this class of cold or transitional disks, through their SEDs which rise sharply in the mid-infrared wavelength regime. One of the first examples is CoKu Tau/4 (Forrest et al. 2004; D'Alessio et al. 2005) , which has an inner hole of 10 AU devoid of dust (<7-13 lunar masses) inside a 0.001 M ⊙ disk. Other examples include MWC 480, LkCa 15, TW Hya, and LkHα 330, all of which have resolved disk clearings using millimeter interferometry Hughes et al. 2007; Brown et al. 2008) . Infrared molecular line observations have shown, however, that some 'holes' are not entirely devoid of material: e.g., the inner disk around TW Hya is filled with 0.07 Earth masses of warm gas (Salyk et al. 2007 ).
Theoretical models suggest two different ways in which protoplanetary disks can develop holes or gaps, and enter a phase of rapid dispersal. Shu et al. (1993) , Clarke et al. (2001) , and Matsuyama et al. (2003) propose that photo-ionization of the disk surface erodes the disk to the point where at some radius a gap opens. Once a gap has opened, material interior to the gap quickly drains onto the star; material outside the gap cannot flow inward, and over time disperses through photoevaporation as well. Lin & Papaloizou 1993 propose that the formation of a planet of sufficient mass opens a gap in the disk, leading to the same draining of the inner disk. Further study is required to determine which one of the two models is responsible for the 2-3 Myr average life time of disks, or whether both contribute equally on similar time scales.
Not every disk with an inner hole is necessarily transitional. A close binary will inhibit disk formation within roughly three times its separation. A famous example of such circumbinary disks is GG Tau (Guilloteau et al. 1999) , where a 45 AU separation binary is surrounded by a 180-800 AU radius circumbinary disk. Each of the binary components individually is surrounded by a small circumstellar disk. Close binaries can explain an unknown fraction of disk gaps. Ireland & Kraus (2008) show that the prototypical transitional disk, CoKu Tau/4, is in fact an 8 AU separation binary, and its disk is therefore circumbinary and not (necessarily) in the process of dispersal.
Disk formation
Disk evolution starts with disk formation, and surprisingly little is known about this phase. Theoretical models predict that the disks grow gradually throughout the collapse of the prestellar core and protostellar phase. The details depend critically on the original distribution of angular momentum (e.g., Basu 1997) . The formation and growth of a rotating disk from a collapsing core is not amenable to the semi-analytical approaches that have proven so powerful to describe collapse itself (e.g., Shu 1977; Terebey et al. 1984; Cassen & Moosman 1981; Ulrich 1976) . Stahler et al. (1994) argues that material spirals inward onto the nascent disk, where it undergoes an accretion shock. The increased temperatures associated with such a shock may have observational consequences in the form of molecular emission lines, as suggested in observations reported by, e.g., Velusamy et al. (2002) and Watson et al. (2007) .
Resolved millimeter-continuum observations are powerful probes of the density in collapsing cloud cores (e.g., Hogerheijde & Sandell 2000; Shirley et al. 2000 Shirley et al. , 2002 , and with difficulty can separate the densest part of the collapsing core from any disk that has already formed (Jørgensen et al. 2007 ). More detailed observations of larger source sample are required to answer important questions such as whether disks form early or late during collapse; whether they form gradually or reach their final mass fast and subsequently transport infalling material efficiently onto the star; how often they go through phases of increased accretion, possibly caused by gravitational instabilities and leading to FU Orionis outbursts (Hartmann & Kenyon 1996) ; and whether grain growth receives a head start during these early phases.
Planet formation
Other chapters in this volume treat the processes of planet formation in much more detail than is possible here. The observational evidence for planet formation in disks is indirect: there are clear indications of the growth of dust particles to cm sizes ( §3.1), and there is a class of disks with cleared-out inner regions that could be explained by the presence of planets around these stars. The only direct evidence for the simultaneous presence of a planet and a (massive) disk is TW Hya, where radial velocity measurements have identified a 10 M Jup companion around this 10 Myr star on a 0.04 AU orbit (Setiawan et al. 2008) .
A close interaction between observational studies of disks, and theoretical modeling of planet formation is essential. The former provide the essential initial conditions for planet formation, while the latter may produce testable predictions of the effect that planet formation has on the appearance of disks.
Summary and outlook
This chapter aimed to review our current observational understanding of circumstellar disks, with an emphasis on those characteristics that are most important for planet formation that may occur inside them.
5. The fraction of stars with disks decreases with time, from > 80% at < 1 Myr to < 10% at 10 Myr. The disk 'half-life' is 2-3 Myr, with the inner and outer disks disappearing nearly simultaneously. There is a small but distinct populations of disks with cleared-out inner regions, so-called cold or transitional disks, explained by photoevaporation, planet formation, or binarity.
6. Dust grains in disks grow to cm sizes at least.
7. Disks form during the collapse phase of star formation.
In spite of the rapid progress in the study of circumstellar disks, many important questions remain to be answered in the coming years. Do all stars form with disks, also around massive stars? Do some disks disappear already well within 1 Myr, or was a disk never formed? What determines the (final) mass and size range of disks? What are the radial, vertical, and turbulent motions in disks? What is the connection between disk dissipation and planet formation? What fraction of disks disperses as a consequence of planet formation? How fast, and when in its development, do km-size bodies grow in disks? How do disks form? How much grain growth happens early on? Are we studying the right kind of disks? Are the disks that survive to several Myr the ones that form rich planetary systems, or have these already disappeared to form a planetary system by 1 Myr? Finding answers to these questions will be helped by new and upcoming facilities such as the Submillimeter Array (SMA) and its link-up with the Caltech Submillimeter Observatory and the James Clerk Maxwell Telescope, the IRAM Plateau de Bure interferometer, the Combined Array for Millimeter Astronomy, the Atacama Large Millimeter / Submillimeter Array, the Herschel Space Observatory, and the James Webb Space Telescope.
